The effect of the grid cell size on a distributed hydrological model performance was investigated using five grid resolutions (1, 5, 10, 20 and 50 km) in a model for the Mekong Basin in Southeast Asia.
INTRODUCTION
In a process-based distributed hydrological model the modelled watershed is divided spatially to smaller parts, so that each part is able to have different hydrological response. In this study, a grid-based spatial division where the watershed is divided into square grid cells is assumed. The grid-based watershed division immediately leads to a question of how large the grid cell should be to be able to capture the hydrologically significant spatial variation of the modelled catchment area. It is reasonable to assume that a small grid cell size can potentially give better results, as the spatial variation of the target watershed can be better captured by smaller grid cells, whereas a larger grid cell size leads to growing inaccuracies in land slope, river locations, and watershed boundaries. The grid cell size selection is problematic, especially in large watersheds where a small cell size often leads to overly long computation times (Vázquez et al. ) .
In a gridded hydrological model the topography related grid cell parameters, such as terrain slope, terrain aspect, and river network structure, are typically computed using model grid scale elevation data. The elevation data are often aggregated from a higher resolution digital elevation model (DEM) using averaging, which has a well-recognised effect of reducing terrain slope (Zhang & Montgomery ) and modifying river network structure ( areas of 21 and 560 km 2 using 127-914 m cell sizes. The study noted that for larger watersheds, the fast response to precipitation events is dominated by the delay in river channels, and therefore it is feasible to use larger grid cell size for watersheds with area over 100 km 2 . Armstrong & Martz () investigated the effect of grid cell size in large scale hydrological models using terrain analysis, and recommend using a better than 10 km resolution for continental scale.
The change in the hydrological response of a catchment caused by change in grid cell size can be at least partly compensated by modifying the model hydrological parameters for each grid size. Rojas et al. () found that by decreasing soil saturated hydraulic conductivity and initial moisture, as well as increasing channel roughness, a similar hydrological response could compensate the effect of grid cell size increase. Vázquez et al. () found that their model application could be calibrated to obtain similar results for the tested three grid resolutions, whereas Shivakoti et al. () also found that the model parameters could be adjusted to compensate the effect of grid size on model result.
In the above-mentioned studies the effect of grid cell size change has been investigated, and also compensated using existing hydrological model parameters. In this study, however, another approach is suggested. The aim is to find a new parameter or set of parameters that can be extracted directly from the DEM data, and used to compensate the effect of grid cell size increase while keeping all other model parameters constant.
It should be noted that the effect of grid cell size on model results depends on how the hydrological model uses elevation data in the runoff and river discharge computations. The results obtained here are therefore model specific. However, the proposed correction method is general, and likely to be usable with other grid-based models as well.
METHODS
The effect of grid size on model results was studied using a distributed hydrological model VMod (Koponen et al. ) ,
and an application of the model to the part of the Mekong 
where
) is the amount of flow from soil layer one to river, h 1 (m) is relative water content of the soil layer (m) between field capacity and saturation (0-1), z 1 the height of the soil layer, K x1 (m d -1 ) is the saturated horizontal soil water conductivity, and b is the ground slope in radians, and w (m) is the grid box width (m).
Outflow from the second soil layer (Equation (2)) to river is formulated similarly to Equation (1), except that an exponential term is added to the equation in order to allow a possibility to reduce the outflow for lower water table levels.
where Q s2 (m 3 d -1 ) is the amount of flow from soil layer two to the river, h 2 (m) is relative water content of the soil layer between field capacity and saturation, z 2 (m) is the height of the soil layer, K x2 (m d -1 ) is the saturated horizontal soil water conductivity, and f is a form parameter, typically between 0 and 2.
The terrain slope is present in both of the outflow equations (Equations (1) and (2)). In the equations, the outflow depends on the tangent of the ground slope. For typical slopes occurring in catchment models the relation of slope (in radians) to outflow is nearly linear.
The water flow in the river network is computed using the kinematic approximation of the St Venant equations.
In this approximation, the river discharge is defined from river bottom slope and river cross section according to
where Q is river discharge (m 3 s -1
), A is river cross section (m 2 ), u is river flow speed (m s -1 ), y is water depth (m), n is Manning's friction coefficient, and S 0 is tangent of the river bottom slope. The river cross section is trapezoidal with an additional overbank section that has milder bank slope compared with the river channel.
Mekong river catchment application
The Mekong river catchment, a part of which was used in this study as a test catchment, is located in the Southeast 
Effect of grid cell size on terrain slope and river length
To investigate how the DEM resolution affects terrain slope and river lengths in each model grid resolution, average grid 
Slope and river length correction methods
To compensate the effect of elevation averaging on the terrain slope, a corrected slope was introduced to the model.
The slope for a grid cell was computed as an average of the grid cell slopes from the smallest scale grid (in this (1) and (2) instead of correcting the slope.
In the river network model, a river length multiplier parameter was used to correct the shortening of river length for larger grid resolutions. The multiplier was computed as the ratio of the average river length between two grids (i.e.
1 km grid and coarser grid in question; see Table 1 ). The same length correction was used for the whole basin. Also, the river bottom slope was modified so that the total elevation drop of the river within a grid cell would stay con- 
RESULTS
The impact of slope and river length correction methods on the simulated discharge was tested with the Mekong Basin application presented in the previous section with the five different grid resolutions. The performance of models using different grid sizes were evaluated using the NashSutcliffe efficiency coefficient E and ratio of annual average discharge between modelled and measured data, computed from the measured and computed daily discharges for the period 04/1982-03/1992.
Effect of grid size on discharge
To investigate the effect of grid size on modelled discharges, the different grid size models were first computed without any corrections or parameter modifications. As expected, the model efficiency decreased with the increased grid size ( Table 2) . The drop in model efficiency was the largest at Chiang Saen (from 0.86 with 1 km grid to 0.68 with 50 km grid), the most upstream discharge station. In Stung Treng, the most downstream discharge station, the drop in efficiency was smaller (from 0.94 to 0.88).
Considering the cumulative discharge and discharge variability, in Stung Treng an increase in the grid cell size decreased the cumulative discharge (Figure 4 (c), Table 2 ), but the effect of grid size on discharge variability (e.g. the standard deviation of daily discharge), was not that clear.
In Chiang Saen the increase in grid cell size decreased cumulative discharge, peak discharges and discharge variation except for the 5-10 km grid size increase step ( Figure 4(a) ; Table 2 ). The decrease in cumulative discharge at both stations can be explained by the increase in evapotranspiration when soil slope decreases -the smaller slope raises soil water table and allows plants to have more water for evapotranspiration. On the other hand, the flow variation is affected by two counteracting processes: first the soil water outflow slows down as the slope decreases (Equations (1) and (2)), but at the same time the average soil water content increases, leading to an increase in saturation overflow and thus to faster response to precipitation events. These two different responses to discharge variation can be seen in Chiang Saen and Stung Treng (Figure 4(a) and (c)). In Chiang Saen, the average terrain slope in 1 km DEM is steeper than in Stung Treng (4.4 W in Stung Treng, 7.9 W in Chiang Saen). Thus, the saturation overflow does not contribute considerably to peak discharges, which leads to a decrease in flow variation as the grid size increased (Table 2) . In Stung Treng, however, the larger part of the river flow originates from saturation overflow, and hence less decrease, or even increase, can be observed in flow variation (compared with Chiang Saen) as the grid size is increased.
The effects of slope and river length corrections
To test the suggested grid cell size correction methods, the terrain slope and river length corrections presented in the Methods section were introduced to the models having larger grid resolution than 1 km. The effect of the grid correction was tested by comparing the corrected model results with fine resolution (1 km) model results (Figure 4(b) and (d)). The model efficiencies improved in all cases when compared with discharges obtained without grid correction (Table 2) , even though in some cases (e.g. Nong Khai 10 km grid) the improvement in the E value was <0.01.
The largest improvement in the model performance after the corrections was observed in Chiang Saen, which also had the largest decrease in the model efficiency when grid size was increased. In Chiang Saen, the E value improved by 0.065 and by 0.055 for 10 and 5 km model grids, respectively (Table 2) . In Stung Treng, the most downstream station used in the study, the correction parameterisation also improved the model fit but less than in Chiang Saen (the E value improved by 0.035 and by 0.015 for 10 and 5 km model grids, respectively). After the correction was applied, all the coarse-scale models were able to obtain similar levels of efficiency than the model with 1 km grid. The E values were, however, 0.01-0.02 smaller, and cumulative discharge increased by up to 10% in the coarser grid models. After the correction, also the differences in discharges between the models with different grid sizes were reduced by the highest discharges at both stations. The slope correction induced larger changes, the main effects in Stung Treng being quicker response to precipitation events, reduced peak discharges and slower discharge drop-off after the peaks ( Figure 5(a) ). In Chiang Saen the effect was otherwise similar but the slope correction increased, as opposed to decreased, the peak discharges ( Figure 5(b) ).
Slope correction using soil water conductivity
From Equations (1) and (2) it can be seen that an alternative possibility to correct the slope decrease with increased grid size is to increase the soil water conductivity. To test this conductivity correction, the soil conductivities K x1 and K x2
were multiplied by the ratio of the average slope tangent between 1 km and a larger size grid model in question.
This way the factorial of K xi tan(b) was, on average, equal to the corresponding value when slope correction was used. Table 3 We found that the effect of the grid cell size increase on modelled river discharges can be partly compensated by using simple corrections for terrain slope and river length.
The same compensation can alternatively be done by modifying the soil conductivity parameters, also shown by Rojas Further studies on the subject should be made to test the effectiveness of the presented grid correction method on other watersheds, and perhaps also for grid sizes less than 1 km in some other large river basin having good quality hydrometeorological and discharge data. It is also possible to modify the method to be used in other distributed hydrological models as well, provided the local terrain slope can be set on the model separately from a finer resolution DEM.
